We have reinvestigated the A 1 Π(v = 0) level of 13 C 18 O using new high-resolution spectra obtained via multi-photon laser excitation as well as with synchrotron-based Fourier-transform absorption spectroscopy of the A 1 Π − X 1 Σ + (0, 0), e 3 Σ − − X 1 Σ + (1, 0), d 3 ∆ − X 1 Σ + (4, 0), a 3 Σ + − X 1 Σ + (9, 0), and a 3 Π − X 1 Σ + (11, 0) bands. In addition, Fourier-transform emission spectroscopy in the visible range is performed on the B 1 Σ + − A 1 Π(0, 0) band. Spectra of the B 1 Σ + − X 1 Σ + (0, 0) band are measured in order to tie information from the latter emission data to the level structure of A 1 Π(v = 0). The high pressures in the absorption cell at the synchrotron and the high temperatures in the emission discharge permitted monitoring of high rotational quantum levels in A 1 Π(v = 0) up to J = 43. All information, in total over 900 spectral lines, was included in an effective-Hamiltonian analysis of the A 1 Π(v = 0, J) levels that are directly perturbed by the e 3 Σ − (v = 1), d 3 ∆(v = 4), a 3 Σ + (v = 9), D 1 ∆(v = 0), I 1 Σ − (v = 0, 1) close-lying levels and the e 3 Σ − (v = 0, 2), d 3 ∆(v = 3, 5), a 3 Σ + (v = 8, 10) remote levels, as well being indirectly influenced by the a 3 Π(v = 10, 11) state. The influence of nine further perturber levels and their interactions was investigated and are not significant for reproducing the present experimental data. This analysis leads to a much improved description in terms of molecular constants and interaction parameters, compared to previous studies of the same energy region for other CO isotopologues.
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We have reinvestigated the A 1 Π(v = 0) level of 13 C 18 O using new high-resolution spectra obtained via multi-photon laser excitation as well as with synchrotron-based Fourier-transform absorption spectroscopy of the A 1 Π − X 1 Σ + (0, 0), e 3 Σ − − X 1 Σ + (1, 0), d 3 ∆ − X 1 Σ + (4, 0), a 3 Σ + − X 1 Σ + (9, 0), and a 3 Π − X 1 Σ + (11, 0) bands. In addition, Fourier-transform emission spectroscopy in the visible range is performed on the B 1 Σ + − A 1 Π(0, 0) band. Spectra of the B 1 Σ + − X 1 Σ + (0, 0) band are measured in order to tie information from the latter emission data to the level structure of A 1 Π(v = 0). The high pressures in the absorption cell at the synchrotron and the high temperatures in the emission discharge permitted monitoring of high rotational quantum levels in A 1 Π(v = 0) up to J = 43. All information, in total over 900 spectral lines, was included in an effective-Hamiltonian analysis of the A 1 Π(v = 0, J) levels that are directly perturbed by the e 3 Σ − (v = 1), d 3 ∆(v = 4), a 3 Σ + (v = 9), D 1 ∆(v = 0), I 1 Σ − (v = 0, 1) close-lying levels and the e 3 Σ − (v = 0, 2), d 3 ∆(v = 3, 5), a 3 Σ + (v = 8, 10) remote levels, as well being indirectly influenced by the a 3 Π(v = 10, 11) state. The influence of nine further perturber levels and their interactions was investigated and are not significant for reproducing the present experimental data. This analysis leads to a much improved description in terms of molecular constants and interaction parameters, compared to previous studies of the same energy region for other CO isotopologues.
Introduction
The spectroscopy of the carbon monoxide molecule is of major importance in view of its being the second most abundant molecule in the Universe. Its dipole moment is a decisive ingredient in the cooling process of interstellar clouds en route to star formation. The probing of CO under a variety of conditions is crucial to an understanding of the physics and chemistry of the interstellar medium [1] , of protoplanetary disks [2] , of exoplanetary atmospheres [3] , of galactic structure at large redshifts [4] , and it may turn out to be a probe of temporal variation of fundamental constants [5, 6] . In view of saturation and shielding effects of the strongest transitions, the use and investigation of lower-abundance isotope-substituted species is of relevance, in particular where photo-dissociation becomes strongly isotope dependent [7, 8] , in some cases connected to subtle effects of perturbations [9, 10] .
The CO molecule is a prototypical system for investigating perturbations in the spectra of diatomic molecules, as is known since the studies by Field on the A 1 Π state [11, 12] . In recent years our team has been involved in detailed reinvestigations of perturbations in the A 1 Π state of CO, exploiting a combination of various precision spectroscopic techniques, where the lowest v = 0 vibrational level was chosen as a main target. One of the aims of pursuing a precision study of the A 1 Π state was the derivation of sensitivity coefficients for probing a possible variation of fundamental constants based on the A 1 Π − X 1 Σ + system of CO [13] . Thereafter, precision studies of the A 1 Π − X 1 Σ + (0, 0) bands and the perturbing states were performed for 12 C 16 O [14] , for 13 Here we extend these studies on the 13 C 18 O isotopologue using laserbased excitation and VUV-Fourier-transform (FT-VUV) absorption spectroscopy as well as visible Fourier-transform (FT-VIS) emission spectroscopy to observe and assign the perturbations in the A 1 Π(v = 0) state. In the other isotopologues, perturbing effects of the a 3 Σ + (v = 9), d 3 ∆(v = 4), e 3 Σ − (v = 1), I 1 Σ − (v = 0, 1), and D 1 ∆(v = 0) levels were found and these will also be investigated here. Also, perturbations by levels of the a 3 Π state will be addressed. Therefore, in addition to low-pressure FT-VUV studies performed, focusing on the A 1 Π − X 1 Σ + excitation, high 13 C 18 O pressures were used to observe the weak absorption of the a 3 Π−X 1 Σ + , d 3 ∆−X 1 Σ + , a 3 Σ + −X 1 Σ + , and e 3 Σ − −X 1 Σ + systems. These measurements provide additional and accurate information about the perturbing effects on the A 1 Π state. In particular, the intensity borrowing effects between the singlet and triplet systems tightly constrain the values of the perturbation parameters.
Although the A 1 Π − X 1 Σ + system of CO has been investigated in many studies over the decades, the information on the 13 C 18 O isotopologue is scarce. Haridass and coworkers have performed detailed studies of A 1 Π(v = 0) by VUV emission, revealing perturbation effects from the a 3 Σ + (v = 10) and d 3 ∆(v = 5) levels [18, 19] . Emission studies of theÅngström (B 1 Σ + − A 1 Π) bands of 13 C 18 O [20, 21] provided further information on the A 1 Π(v = 0) level, and the study of the Herzberg (C 1 Σ + −A 1 Π) systems [22, 23] also provided detailed information on the interaction with the e 3 Σ − (v = 1) level. The A 1 Π − X 1 Σ + system was reinvestigated recently with the FT-VUV spectrometer at the SOLEIL synchrotron [24] , focusing on the determination of term values and line strength parameters. In that study, the existence of two additional dipole-allowed singlet systems, denoted as 1 1 Σ + − X 1 Σ + and 1 1 Π − X 1 Σ + , was hypothesised. Information on the perturbing triplet states in 13 C 18 O has not yet been reported, except for the study of the a 3 Π(v = 0) state [25] .
The present study entails a high-precision re-analysis of the level structure of the A 1 Π(v = 0) state of 13 C 18 O, following the rotational manifold up to the rotational quantum number J = 43. This results in a much improved description in terms of molecular constants and interaction parameters, and a comparison is made with previous studies.
Experimental procedures
As in previous studies on the 13 O [17] isotopologues, three distinct experimental techniques are employed to assess the rotational level structure of the A 1 Π(v = 0) manifold. The most accurate A 1 Π − X 1 Σ + (0, 0) line frequencies were derived from Doppler-free measurements using a narrowband laser source, consisting of a pulsed-dye-amplifier (PDA) injection seeded by the continuous-wave output of a ring-dye laser [26] . A 2+1 resonance enhanced multi-photon ionisation laser scheme was used for two-photon excitation of the low J rotational levels of the A 1 Π − X 1 Σ + (0, 0) band, followed by ionisation by a second UV laser pulse at 203 nm, as described in Niu et al. [27] . Mass-dependent detection of CO isotopologues was achieved in a time-of-flight mass spectrometer. An isotopically enriched 13 C 18 O gas sample was used for the experiment (Sigma Aldrich, 99% atom 13 C and 95% atom 18 O). Absolute frequencies were determined by simultaneous recording of saturated I 2 resonances [28] and markers from a stabilised etalon. Frequency chirp effects in the PDA laser were measured and corrected for off-line, but their uncertainties nevertheless contribute decisively to the uncertainty budget of the laser experiments. The transition frequencies were measured for a range of laser intensities in the focal region to assess the AC-Stark effect; extrapolation to zero intensity resulted in the true transition frequencies. The overall accuracy of the transition frequencies falls between 0.002 − 0.003 cm −1 . The laser-based experiments were carried out at LaserLaB Amsterdam.
Visible emission data were recorded from a hollow-cathode discharge lamp. It was initially filled with a mixture of helium and acetylene 13 C 2 D 2 (Cambridge Isotopes, 99.98% of 13 C) at a pressure of approximately 10 mbar. A DC electric current was passed through the mixture for about 150 hours. The process, similar to that described by Hakalla et al. [16, 29] , resulted in the deposition of a small amount of 13 C inside the cathode. Next, the lamp was evacuated and filled with an enriched sample of 18 O 2 gas (Sigma-Aldrich, 98.1%). The electrodes were operated at 950 V and 80 mA DC with a static gas pressure of 3 mbar. The higher temperature of the 13 C 18 O plasma formed at the center of the cathode, up to 1000 K, allowed for observations of rotational transitions with J up to 41; a higher value than in our previous experiments [30, 31] . The physical line-broadening increased by only 0.02 cm −1 relative to that reported in [32, 33] , where the temperatures of plasmas were about 650 K. The final molecular gas composition used to obtain the spectrum was 13 C 18 O : 12 C 18 O = 1 : 0.1. The spectral emission was analysed by a 1.7 m Fourier-transform (FT) spectrometer used under vacuum conditions. Operation of the setup and calibration procedures were explained in recent reports on the setup installed at Rzeszów University [15] [16] [17] . Spectra were accumulated over 128 scans with a spectral resolution of 0.018 cm −1 . The accuracy on the transition frequencies amounts to 0.003 − 0.03 cm −1 .
The setup involving the Vacuum UltraViolet Fourier-transform (FT-VUV) spectrometer at the SOLEIL synchrotron [34, 35] was employed to obtain absorption spectra of 13 C 18 O under three regimes. First, spectra of the A 1 Π−X 1 Σ + (0, 0) band were measured under conditions of low gas density in a quasi-static flow through a windowless cell, with column densities in the range 10 14 to 2 × 10 15 cm −2 , as in previous studies [14, 24, 36, 37] . This provides spectroscopic information on J-levels up to about 20. Second, further A 1 Π − X 1 Σ + (0, 0) spectra were recorded at high gas pressures (up to about 80 mbar) in a closed cell of 9 cm length and sealed by magnesium-fluoride windows [37] . This enabled probing lines with J up to 43 and the detection of many more lines of the perturbing [38] , leading to a maximum broadening in our case of 0.02 cm −1 that is not detectable due to significantly-greater broadening arising from the Doppler effect and finite instrumental resolution.
Finally, the B 1 Σ + − X 1 Σ + (0, 0) band was recorded in a heated windowless cell, attaining a rotational temperature of ∼ 1000 K in a setup similar to that of Niu et al. [39] . Transition frequencies deduced from FT-VUV spectra have accuracies estimated to fall in the range 0.02−0.05 cm −1 , depending on the specific conditions under which the spectra were recorded and the blendedness, weakness, or saturation of individual absorption lines. The lower uncertainty limit generally applies to the low-density room-temperature spectra, while greater uncertainties are associated with higher temperature and pressure spectra.
Results
In the following the results of all individual studies are presented.
Results from laser-based study
Laser-based 2 + 1 REMPI spectra were recorded for nine two-photon transitions of the A 1 Π − X 1 Σ + (0, 0) band. Figure 1 displays a spectrum of the Q(1) line. All line measurements were performed as a function of laser power density in the focal region, similarly to the previous study of 12 C 18 O [17]. Figure 2 shows the AC-Stark extrapolation curves for four selected lines. The transition frequencies were derived from extrapolation to zero-intensity levels and are listed in Table 1 .
Interestingly, the sign of the AC-Stark slope is negative for the S(1) two-photon transition, while the slope for the other transitions is positive (see Fig. 2 ). From a reanalysis of the data reported in [15] it is found that the sign of the AC-Stark slope for the S(1) line in 13 C 16 O is also negative, while all other lines exhibit a positive AC-Stark slope. In contrast, for all lines in 12 C 18 O [17] a positive AC-Stark slope is found. This phenomenon is connected to the molecular level structure at the three-photon excitation level in the molecule and can be studied in further detail by performing two-color ionisation experiments [40] .
Results from FT-VIS study
Here we present the results of the Fourier-transform emission study of the 13 C 18 O B 1 Σ + − A 1 Π(0, 0) band and the perturbing lines in the wavelength range λ = 438 − 452 nm, with a measured spectrum shown in Fig. 3 (an electronic form of the were measured by fitting Voigt lineshape functions to the experimental lines. Line position uncertainties were evaluated using an empirical relation similar to that given by Brault [41] : where f is a constant of the order of unity that is lineshape dependent, F W HM is the full-width at half-maximum of the line, N is the true number of statistically independent points in a linewidth (taking into account the zero filling factor commonly used to interpolate FT spectra), and SN R is the signal-to-noise ratio. Table 4 , while the transition frequencies of four forbidden bands,
, and a 3 Π − X 1 Σ + (11, 0), are indicated in this figure and listed in Tables 5 to 8. A detailed spectrum covering 100 cm −1 of the high-column-density spectrum is plotted in Fig. 5 and demonstrates the detection of some of these weak transitions. The assignment of the highly-congested high-density spectrum was greatly facilitated by simultaneously refining the level-interaction model described in Sec. 4. Additionally, the purified 13 C 18 O sample gas contained minor contamination from the 13 Several assumptions were made while analysing these spectra in order to accurately measure the frequencies and absorption depths of blended and weak lines. A − X(0, 0) Figure 5 . A detailed partial view of the experimental VUV photoabsorption spectra recorded with large column density, a simulated spectrum employing the effective Hamiltonian model, and their difference. The simulation incorporates several instrumental effects: an assumed column density, the sloping source intensity, instrumental and Doppler broadening. The term-value combination differences for P -and R-branch lines connected to a common upper rotational level were fixed by reference to accurately-known 13 C 18 O ground-state term values [43] and the ratio of P (J −1)/R(J +1) line strengths of all bands was assumed proportional to the corresponding Hönl-London factors for a 1 Π− 1 Σ + transition. This provided an excellent fit to the measured absorption lineshapes and is justified given that the sole source of intensity in this spectral region is the A 1 Π−X 1 Σ + transition moment, which will maintain its 1 Π − 1 Σ + character even when redistributed into nominally-forbidden bands. Additionally, absorption intensities attributed to a 3 Σ + − X 1 Σ + (9, 0) were not found to be strongly J-dependent once the ground state thermal-population and Hönl-London factors were factored out. Then, this band was modelled assuming a quadratic J(J + 1) dependence for its band absorption oscillator strengths. Normally-distributed 1σ-uncertainties for all fitting parameters are estimated from a Hessian matrix com- Table 3 . Spin-forbidden lines appearing in the FT-VIS emission spectrum of puted by the least-squares fitting routine with respect to the fit residual. These uncertainties should be accurate if all assumptions described above are reasonable and the model parameters are not highly correlated. Testing this scheme with an ensemble of synthetic experimental data finds good agreement between estimated uncertainties and statistics of the ensemble. A minimum uncertainty of 0.05 cm −1 was assumed for frequencies determined from overlapped and saturated lines. All measured transition frequencies are subject to a common systematic uncertainty associated with the overall frequency calibration. A calibration of the SOLEIL low-pressure spectra was made with respect to the laser-based measurements of Section 3.1. The low-J lines of 13 C 18 O, which are accurately calibrated from the laser spectra (with correction for Λ-doubling) are all saturated in the high-pressure spectrum and the contaminating lines of 13 C 16 O were instead used for its calibration, with reference to our previous study of this isotopologue [36] . The systematic frequency uncertainty is estimated to be 0.01 cm −1 . To conclude we find no need to assign lines to additional electronic transitions, beyond the ones known to exist in this energy range of CO. All lines that were postulated to belong to the P and R-transitions in a 1 1 Σ + -X 1 Σ + band system and to Q-branch transitions in a 2 1 Π -X 1 Σ + band system in a previous study [24] could be assigned to A 1 Π−X 1 Σ + (0, 0) lines and perturber lines of 13 C 18 O as found in the present paper. part a systematic uncertainty of 0.01 cm −1 to the measured line frequencies of this band.
Deperturbation analysis
It is well known that the A 1 Π(v = 0) level is extensively perturbed in all CO isotopologues, with the occurrence of multiple rotational-level crossings with other electronic-vibrational states and smaller effects due to more remote non-crossing levels [11, 14, 16] . For the mutual interactions between a 3 Π and the other triplet states under consideration, there are two perturbation mechanisms in operation: spin-orbit and those that arise from the B(R 2 ) term of the rotational Hamiltonian. Writing the latter as R = J − L − S we get J · L, J · S, and L · S terms, respectively L-uncoupling, S-uncoupling, and spin-electronic coupling. The ∆Ω = 0 spinelectronic matrix element is explicitly related to the ∆Ω = 1 L-uncoupling matrix element, because they both consist of an experimentally determined Π|L + |Σ factor, multiplied by an explicitly known matrix element factor depending only on the spin [12] . This means that the perturbation terms derived from the rotational operator have ∆Ω = 0 and ∆Ω = 1 matrix elements, the values of which are explicitly locked together. The a 3 Π ∼ (D 1 ∆, I 1 Σ − ) and a 3 Σ + ∼ e 3 Σ − interactions arise from spin-orbit interactions. Finally, the d 3 ∆ ∼ (a 3 Σ + , e 3 Σ − ) perturbations come from spin-spin interactions represented by the ε perturbation parameter. Effects of the direct A 1 Π(v = 0) ∼ a 3 Π(v = 10, 11) spin-orbit interactions are too weak to be deduced from the data set. This might be ascribed to very small vibrational overlap integrals v A(0) |v a (10 The levels were obtained from the mass-scaled equilibrium molecular constants calculated on the basis of Refs. [14, 36] for A 1 Π, Refs. [50, 51] for D 1 ∆, Refs. [48, 52] for a 3 Π, as well as Refs. [48, 51] for the a 3 Σ + , I 1 Σ − , d 3 ∆, and e 3 Σ − states. The 13 C 18 O X 1 Σ + G(0) value was taken from Ref. [43] to obtain T v=0 term. In order to find deperturbed molecular constants for A 1 Π(v = 0) we use the PGOPHER software [42] to model this level and all neighbouring perturber levels with an effective-Hamiltonian matrix with diagonal elements composed of deperturbed constants describing each electronic-vibrational level and off-diagonal elements given by the various possible perturbation parameters arising from the spinorbit, L-uncoupling, spin-electronic and spin-spin operators. The manifold of levels surrounding A(v = 0) is combined with unperturbed models of the X(v = 0) and B(v = 0) levels to simulate transition frequencies for the experimentally-observed bands:
, and e 3 Σ − − X 1 Σ + (1, 0). In total, 908 experimental frequencies from 10 bands of 13 C 18 O were used to iteratively refine the free parameters of the effective Hamiltonian model until good general agreement was obtained. 
Perturbation parameters as discussed in this work and in Refs. [14, 17, 47] . 
−2.409 n continued on next page. . .
. . . continued from previous page O (see text for details). n The value was deduced using elements of an effective Hamiltonian matrix by Field [11] (Table IV) and electronic perturbation matrix elements by Ref. [12] (Table IV) and compare them with the symmetrised matrix elements implemented in the current fit [42] (see text for details). o Determined on the assumption that ξ η, which condition is very well fulfilled in the present case. p The spin-spin off-diagonal interaction. r Calculated from Ref. [48] based on mass-scaling, where
. s Obtained and isotopically recalculated from Ref. [52] , where the spin-spin constant λ = 1.5 × ε and the Λ-doubling constant p = 2 × p + .
Full details of our methodology were presented in previous works [14, 47] and the Hamiltonian used in the is described by Western [53] . The explicit formulation of the effective Hamiltonian and matrix elements are contained in the Pgopher file, with a final version is provided in the Supplementary Material. Initial estimates for the parameter values governing excited states are adopted in analogy to other CO isotopologues, using the isotope-scaling constants deduced by Field et al. [11, 12, 48] , Niu et al. [14, 36] , Le Floch [51] , Yamamoto et al. [52] , and Kittrell et al. [50] . Ground state constants for 13 C 18 O are taken from Coxon and Hajigeorgiou [43] and are kept fixed in all fitting procedures. Constants describing B(v = 0) were fit to its experimentally deduced term values. A computed correlation matrix of all model parameters is monitored during the fitting process to determine a minimal set of molecular constants necessary to model the experimental data. Some parameters, afflicted by a high degree of correlation with others but verified to be significant were held fixed to estimated values. They are calculated as described by Hakalla et al. [16, 47] . The value of interactions involving the a 3 Π(v = 10, 11) levels are calculated using elements of an effective Hamiltonian matrix defined in Field [11] optimised by comparing them with the symmetrised matrix elements used in the current fit [42] as well as electronic perturbation matrix elements given in Table IV of Ref. [12] . In the final fit, 39 independent parameters were adjusted and their bestfit values are listed in Table 10 . The root-mean-square error of modelled transition frequencies is then 0.02 cm −1 .
All the a 3 Π ∼ d 3 ∆ and a 3 Π ∼ a 3 Σ + interactions reported in Table 10 have η and ξ parameters with opposite sign. This is a consequence of the dominant electronic configurations involved: the Π states have a singly occupied (less than half full) π * orbital and the Σ and ∆ states have a π 3 (more than half filled) π orbital. This means that the two kinds of interaction matrix elements will always have opposite signs for the states of interest in CO.
We find anomalously-small values for the η a(11)∼a (9) = 3.450(61) cm −1 and ξ a(11)∼a (9) = −0.0018(10) cm −1 perturbation parameters (listed in Table 10 ) relative to mass-scaling predictions, yielding 13.195 cm −1 and −0.035 cm −1 , respectively, as well as a surprisingly large magnitude η a(11)∼d(4) = −34.503(24) cm −1 value in comparison with the mass scaling value, −25.770 cm −1 . The vibrational overlap integrals between the a(v = 11) and d(v = 4) triplet states can be locally and sensitively affected by a node near the internuclear distance of the crossing between the potential energy curves of the two interacting electronic states, and the interaction parameter deviations are probably related to an imperfect knowledge of the a 3 Π potential energy curve employed in the mass-scaling calculations, which is not well characterised above v = 6 [52] . However, no similar problem is observed for any of the other isotopologues and its resolution must await clarification by obtaining spectra of the a 3 Π state at higher v. Some perturbation mechanisms in addition to spin-orbit interactions (η) and Luncoupling (ξ) were examined but their inclusion in the fit model was found to be statistically unjustified given the accuracy of our experimental ro-vibronic data. Specifically, a second-order spin-spin contribution ( ΠΣ ) to the Ω = 0 Λ-doubling of 3 Π states (mediated via Σ + and Σ − states) as well as a second-order H SO × H ROT interaction term (p 3 ) [54] [55] [56] were considered.
The direct or indirect influence upon A(v = 0) of six levels additional to those listed in Table 10 was tested and ruled out. These higher-and lower-v vibrational levels of the various electronic states in Table 10 were found to have either no measurable impact on A(v = 0) when included in our model along with estimated interaction parameters, or were highly correlated with molecular constants and/or stronger perturbing effects already included. Details of all the 87 tested interactions are gathered in Table 16 . We believe that the present deperturbation treatment for the A(v = 0) state is now limited only by the accuracy and extent of the fitted data set. Perhaps adding more levels and interactions independently quantified with the aid of further spectroscopic measurements would likely expose sensitivity to stillmore-remote levels, and it may be that the limits of a reasonable semi-empirical deperturbation treatment has been reached with this analysis. An existing effective Hamiltonian model of the B 3 Σ + u and B 3 Π u states of S 2 [57] is more far-reaching in terms of its energy range than what is done here but this system consists of only two electronic states and exhibits many level crossings.
The Λ-doubling constant of the A 1 Π(v = 0) level generally has a small value for the CO isotopologues. The presently determined value of q = 2.53(18) × 10 −5 cm −1 has the opposite sign to a value predicted from mass scaling of the main isotopologue: q = −1.19 × 10 −5 cm −1 . This Λ-doubling is, in effect, the result of interactions between many levels in the molecule and its modelled value depends sensitively on which levels are excluded from the effective Hamiltonian matrix. The splitting of e-and f -parity levels in a 1 Π state is the result of interactions with states of Σ symmetry. The number of Σ states explicitly included in the present analysis has increased from our previous work, and a poor extrapolation of the q-parameter is then unsurprising.
Rotational-level mixing coefficients and intensity borrowing was also computed using the PGOPHER program for the model A 1 Π − X 1 Σ + (0, 0) transitions and its associated extra lines. Only the unperturbed A−X(0, 0) transition has a nonzero transition dipole moment and any reduction in its perturbed line strengths is proportional to the fractional admixture of other states into the A(v = 0) level.
Computed and measured oscillator strengths of the A 1 Π−X 1 Σ + (0, 0) and forbidden transition Q-branches are plotted in Fig. 9 and show generally-good agreement. All of the Q-branch transitions in Fig. 9 terminate on excited f -parity levels. and experimental oscillator strengths is found for P -and R-branch transitions that terminate on e-parity levels. These strengths have been reduced by factoring out rotational linestrengths for a pure 1 Π − 1 Σ transition, and large dips in A−X(0, 0) strengths near J = 6, 21, and 27, are the result of level crossings and increased admixture of the e 3 Σ − (v = 1), and d 3 ∆(v = 4) F 2 and F 3 states, respectively. Good agreement is found for the oscillator strengths in the
, and e 3 Σ − − X 1 Σ + (1, 0) bands. A significant disagreement between modelled and measured strengths occurs for the Q 11f e branch of a 3 Σ + − X 1 Σ + (9, 0), where the calculated line strengths are significantly larger than observed for J 5, while the correct strength is found for the Q 11f e (26) line that is most strongly mixed with the A−X(0, 0) Q(26) transition. This suggests that the direct spin-orbit interaction of A(v = 0) and a (v = 9) is correctly modelled but that indirect mixing via the a(v = 11) intermediary is not completely reproduced in the analysis. Alternatively, interactions with states not included in the effective Hamiltonian may be involved, or further intensity borrowing from A−X(1, 0).
Conclusion
The present study focuses on a comprehensive analysis of spectroscopic data for the A 1 Π(v = 0) state of the 13 O [16] . The complementary properties of various state-of-the-art spectroscopic instruments were exploited for gathering a wealth of accurate information from spectral lines connecting a variety of mutually interacting rovibronic states: the extreme absolute accuracy of a 2 + 1 resonance enhanced two-photon laser ionisation study employing Dopplerfree excitation in a molecular beam, the photo-emission spectrum from a discharge resolved by visible Fourier-transform spectroscopy, and VUV Fourier transform absorption spectroscopy at the SOLEIL synchrotron. All studies were performed at high resolution and special techniques were employed to access high rotational states: notably high temperature and high pressure. The accuracies of measured transition frequencies for the best lines were respectively 0.002 cm −1 , 0.003 cm −1 , and 0.02 cm −1 in the laser-based, visible FT and synchrotron studies. The level structure of the A 1 Π(v = 0) state of 13 A comprehensive set of deperturbed constants and level energies for the A(v = 0) state and its perturbers is determined from this set of combined data. The complexity of the present deperturbation analysis exceeds that of the previous studies on other isotopologues and is made possible here by a more extensive highlyaccurate data set. The number of modelled perturber states is extended and we determine molecular constants for some triplet levels that do not exhibit a crossing level are determined in the analysis which had not been distinguishable in our previous studies focusing on other isotopologues. Although eight lines of the vast body of observed transitions could not be identified, there is no need to invoke additional band systems beyond those well-known to CO to describe the observed spectroscopic patterns, as was done in Ref. [24] .
The present study surpasses in complexity any previous similar analyses of the CO molecule, which is a prototypical species for perturbations. There are 15 mutually interacting electronic-vibrational levels included to reproduce over 900 line frequencies to a high level of accuracy. The deperturbation model also reproduces the borrowing of absorption oscillator strength by the observed forbidden bands from the main transition Table 12 term values for d 3 ∆(v = 4), Table  13 for the e 3 Σ − (v = 1) state, Table 14 for the a 3 Π(v = 11) state, and Table 15 for the a 3 Σ + (v = 9) state. Table 16 highlights details of all 87 interactions tested in the framework of the 13 C 18 O deperturbation analysis, while in Table 17 the term values of the B(v = 0) state are presented. Spectroscopy and perturbation analysis of the CO A 1 Π − X 1 Σ + (2, 0), (3, 0) and (4, 0) Further the Pgopher file including the entire data set and fitting routine of the deperturbation analysis as well as the data of Figures 3 and 4 in digital format are provided.
